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The effects of the Dresselhaus spin splitting on the Landé g factor associated with conduction
electrons in GaAs–Ga,AlAs quantum wells are studied by using the nonparabolic Ogg–McCombe
effective Hamiltonian. The g factor and cyclotron effective mass are calculated as functions of
applied magnetic fields along both the growth and in-plane directions and GaAs well widths of the
heterostructure. Present calculations indicate that in GaAs–Ga,AlAs heterostructures, the inclusion
of the Dresselhaus term leads to very small corrections in the effective Landé factor. Taking into
account the effects of nonparabolic and anisotropic terms in the Hamiltonian is fundamental in
obtaining quantitative agreement with experimental measurements. Moreover, the present results
suggest that previous theoretical work on the Dresselhaus spin-splitting effects on the effective
Landé factor should be viewed with caution if nonparabolic and anisotropic effects are not taken
into account. © 2008 American Institute of Physics. DOI: 10.1063/1.2956698
I. INTRODUCTION
Some properties of conduction-electron states in low-
dimensional systems depend very much on the understanding
of the interaction of the electron spins, not only with the
solid-state environment but also with external probes like
applied magnetic fields. Due to the possible applications in a
variety of semiconductor devices based on spin-electronic
transport,1 this has been the subject of a considerable amount
of work in the last decade or so. A special interest has been
focused on the study of the Landé g factor of GaAs–
Ga,AlAs semiconductor heterostructures, which is related
to the spin splitting of carrier bands, and may be very differ-
ent from the corresponding free-electron values. The spin-
splitting of electron levels influences the spin dynamics and
spin resonance and may give rise to a wide range of techno-
logical applications based on the manipulation of the g factor
and cyclotron mass of carriers by means of changes in the
heterostructure geometry, application of external magnetic
fields, hydrostatic pressure, etc. Experimental measurements
on the Landé g factor and cyclotron effective mass may pro-
vide valuable information on the electronic band structure
and on the importance of effects such as nonparabolicity and
anisotropy. Here we should mention that in GaAs–Ga,AlAs
heterostructures, it is a known fact that the Dresselhaus con-
tribution to the conduction-band electronic structure is small,
although its comparative importance with other non-
parabolic/anisotropic effects over the electronic states in
semiconductor heterostructures does not seem to have at-
tracted much attention.
The present study is essentially concerned with the com-
bined effects of the Dresselhaus spin-splitting and
nonparabolic/anisotropic terms on the effective Landé factor
and cyclotron effective mass associated with conduction
electrons in GaAs–Ga,AlAs quantum wells QWs under
an externally applied magnetic field. Section II describes the
present theoretical framework and the procedures to solve
the Schrödinger equation corresponding to the Ogg–
McCombe effective Hamiltonian under magnetic fields ap-
plied both parallel and perpendicular to the QW growth axis
and gives expressions to evaluate the electron Landé factor
and cyclotron effective mass in such systems. Section III is
concerned with the present theoretical results and discussion.
Conclusions are given in Section IV.
II. THEORETICAL FRAMEWORK
In the present work, we use the Ogg–McCombe effective
Hamiltonian2–5 for the conduction-band electrons in a
GaAs–Ga1−xAlxAs QW under a magnetic field B in the
z-direction, i.e.,
Hˆ = Hˆ 0 + Wˆ , 1
withaElectronic mail: ereyesgomez@gmail.com.
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, 2
Wˆ = ˆ · ˆ , 3
where the orthogonal axis x, y, and z were taken along the
principal crystallographic directions,3 Iˆ is the 22 unit ma-
trix, lB=c /eB is the Landau length, B is the Bohr mag-
neton, Kˆ =kˆ + e /cAˆ we chose the gauge Aˆ = −yB ,0 ,0
for the magnetic vector potential, kˆ =−i , ˆ is a vector
which components are the Pauli matrices, ˆ has components
ˆx=Kˆ yKˆ xKˆ y −Kˆ zKˆ xKˆ z and its corresponding cyclic permuta-
tions, whereas m, g, and V are the growth-direction position-
dependent effective mass, Landé g factors, and confining po-
tential, respectively, for conduction electrons in the QW
heterostructure.5 The coefficients ai i=1,2 , . . . ,6 are con-
stants which are, in principle, different on both the well and
barrier materials. However, forced by the absence of experi-
mental measurements on the behavior of the ai coefficients
as functions of the aluminum concentration in Ga1−xAlxAs
and related materials, we have taken the ai values corre-
sponding to bulk GaAs and obtained by a fitting with mag-
netospectroscopic measurements.3 The operator Wˆ is the cu-
bic Dresselhaus spin-orbit term6 associated with the
Ga1−xAlxAs lack of inversion symmetry, and the Dresselhaus
constant  exhibits a steplike dependence on the position
along the growth direction, i.e., =x, which leads to the
so-called interface Dresselhaus spin-orbit coupling.7,8 The
magnitude of the  discontinuity at the interfaces of the QW
may be found via the dependence of  on the aluminum
concentration x in Ga1−xAlxAs. The values of  experimen-
tally measured for GaAs oscillate in the range between 20
and 35 eV Å3.9 Following de Dios-Leyva et al.4 and Car-
dona et al.,10 here we have used =020 eV Å3 for
GaAs. Using 1=18.53 eV Å3 for AlAs, as reported by
Winkler,11 one may linearly interpolate and propose x
=1−1.47x eV Å3 for the Dresselhaus constant as a
function of the aluminum concentration. We note that in a
GaAs–Ga0.65Al0.35As QW, for example, the  discontinuity
is about 2.6% of the -value corresponding to bulk GaAs,
and one may expect that the inclusion of the position depen-
dence on  along the growth direction will result in a small
correction to the effective g factor in the heterostructure. We
have, therefore, assumed  as constant and equal to the
GaAs value throughout the heterostructure.
We study two possible configurations of the applied
magnetic field: magnetic fields applied parallel to the growth
direction B	 configuration of the QW, and in-plane applied
magnetic fields, i.e., magnetic fields applied parallel to the
heterostructure layers B configuration. Both configura-
tions require different procedures to solve the Schrödinger
equation associated with the above Ogg–McCombe Hamil-
tonian.
A. B¸ configuration
Here we take the GaAs−Ga1−xAlxAs QW as grown
along the z-direction. Therefore, the electron effective mass,
Landé factor, and confining potential are taken as
z-dependent functions and the z-direction applied magnetic
field is parallel to the growth axis. As Hˆ does not depend
explicitly on x in this case, the eigenfunctions of Eq. 1 may
be chosen as
r = 
+y,z
−y,z
expixkx , 4
and by introducing y=y− lB
2kx and the annihilation aˆ
= 1 /2y / lB+ ikˆylB and creation aˆ† operators, the Ogg–
McCombe Hamiltonian may be transformed into4
Hˆ = Hˆ 0 + Wˆ , 5
where
Hˆ 0 = 
H0+ˆ 0
0 H0−ˆ
 , 6
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4 	
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and Nˆ = aˆ†aˆ+ 1 /2. The operator Wˆ in Eq. 5 is given by
Wˆ = 
Wˆ 11 Wˆ 12Wˆ 21 Wˆ 22 , 10
where
Wˆ 11 = −
a3
2lB
4 aˆ
†4 + aˆ4 +

lB
2 aˆ
†2 + aˆ2kˆz, 11
Wˆ 12 =
2
lB
− 2a5Baˆkˆz + aˆ†kˆz2 + 2lB2 aˆ3 − aˆ†aˆaˆ† , 12
Wˆ 21 =
2
lB
− 2a5Baˆ†kˆz + aˆkˆz2 + 2lB2 aˆ†3 − aˆaˆ†aˆ , 13
and
Wˆ 22 = −
a3
2lB
4 aˆ
†4 + aˆ4 −

lB
2 aˆ
†2 + aˆ2kˆz. 14
As previously pointed out by Golubev et al.3 and de Dios-
Leyva et al.,4 the characteristic problem for Hˆ 0 may be
solved analytically, and the operator Wˆ only contributes with
a minor correction to the energy levels. Therefore, one may
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solve the Schrödinger equation in the B	 configuration by
using perturbation theory up to second order, which is suffi-
cient for reaching a good agreement between theoretical re-
sults and experimental measurements see below.
B. B configuration
One may now consider the GaAs–Ga1−xAlxAs QW as
grown along the y-direction. The z-direction applied mag-
netic field is then perpendicular to the growth direction, and
therefore, as Hˆ cf. Eq. 1 does not explicitly depend on x
and z, kx and kz are good quantum numbers. The eigenfunc-
tions of Hˆ may then be chosen as
r = 
+y
−y
 expikxx + kzzLxLz , 15
where Lx and Lz are the heterostructure lengths along the x
and z direction, respectively. It is important to note that the
combined effects of the heterostructure confining potential
and applied in-plane magnetic field lead to a dependence of
the eigenvalues of Hˆ on the cyclotron orbit-center position
y0=kxlB
2
. At low temperatures only the lowest energy levels
are occupied and kz=0 is a good approximation. In this case,
the operator Hˆ 0 becomes diagonal and the diagonal compo-
nents of Wˆ vanish. The Schrödinger equation for the two-
component wave function then leads to

 Hˆ 0+ Wˆ 21
Wˆ 21 Hˆ 0
−

+y
−y  = E
+y−y  , 16
where Hˆ 0
+ and Hˆ 0
− are the diagonal components of Eq. 2,
describing the spin-up and spin-down electron states, respec-
tively, in the absence of the Dresselhaus spin-orbit term, and
the operators Wˆ 12 and Wˆ 21 are given by
Wˆ 12 = kˆy
kx − ylB2 kˆy + i
kx − ylB2 kˆy
kx − ylB2  , 17
Wˆ 21 = kˆy
kx − ylB2 kˆy − i
kx − ylB2 kˆy
kx − ylB2  , 18
respectively, or, by using the creation and annihilation opera-
tors,
Wˆ 12 =

2lB3
aˆ3 − aˆ†aˆaˆ† 19
and
Wˆ 21 =

2lB3
aˆ†3 − aˆaˆ†aˆ . 20
Equation 16 may be readily solved by expanding the two-
component wave function Eq. 15 in a series of the
harmonic-oscillator wave functions n ,y0, i.e.,

+y
−y  = n 
Cn
+
Cn
− n,y0 , 21
where yn ,y0=1 / 2nn !lB ;e−y − y02/2lB2 Hny
−y0 / lB are the harmonic-oscillator wave functions written
in the coordinate representation, and Hn are the Hermite
polynomials.
C. The effective Landé factor and cyclotron effective
mass
The inclusion of the Dresselhaus contribution in the
Ogg–McCombe Hamiltonian requires taking into account the
off-diagonal terms in Hˆ , which mix the different spin states
in the semiconductor heterostructure. However, due to the
expected slight effects of the Dresselhaus contribution on the
electron-energy spectrum in GaAs–Ga1−xAlxAs semiconduc-
tor heterostructures,4 in both magnetic-field configurations
discussed above the full set of the states of Hˆ may be divided
into two separated subsets with energies E
n
+
and E
n
−
, behav-
ing like spin-up or spin-down electron states, respectively.
One may define the effective g	
n
and g

n Landé factors in
the B	 and B configurations, respectively, associated to the
spin-up-like and spin-down-like electron states as
g
n
=
En
+ − En
−
BB
, 22
where  means “	” or “”, according to the magnetic-field
direction. In addition, for a given direction of the applied
magnetic field and for a given subset of spin-up-like or spin-
down-like electron states, the mc cyclotron effective mass
associated with the nth and n+1-th Landau magnetic sub-
bands may be defined by
En+1
	
− En
	
= 
eB
mc
	c
. 23
Of course, the effective Landé factor as well as the cyclotron
effective mass will, in principle, depend on the applied mag-
netic field strength, and in the case of the B configuration,
they also depend on the orbit-center position.
III. RESULTS AND DISCUSSION
In contrast to previous work,5 we have considered here
the role played by the cubic Dresselhaus spin-orbit coupling
on the cyclotron-effective mass and Landé factor in
GaAs–Ga1−xAlxAs semiconductor QWs under magnetic
fields applied parallel or perpendicular to the layers. Figure 1
displays the increase of the cyclotron effective mass4,5 for
n=0 in the above equation as either the in-plane or growth-
direction applied magnetic field increases in comparison with
the bulk GaAs value cf. Fig. 1a, and its decrease as the
QW width increases cf. Fig. 1b. It is apparent that the
effect of the Dresselhaus term here we have chosen4,10 
20 eV Å3 on the conduction-electron cyclotron effective
mass is negligible, as calculated results with or without in-
clusion of the Dresselhaus effect are essentially indistin-
guishable in the scale of Fig. 1. The higher value of the
cyclotron electron effective mass for the growth-direction
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applied magnetic field, as compared with the result for the
in-plane applied field, is related to the strong barrier-
confining effects in the in-plane magnetic-field orientation.5
For a given value of the in-plane magnetic field and for such
a small-width L=50 Å QW, due to presence of the
Ga0.65Al0.35As barrier, the electron wave function is essen-
tially inside the QW the barrier-confinement potential is
much stronger than the effect of the in-plane magnetic field,
leading to a smaller cyclotron electron effective mass.
Present results for the growth-direction applied magnetic
field are in good agreement with experimental results by
Singleton et al.12 and Michels et al.13
The dependence of the perpendicular Landé g factor
n=0 with the orbit-center position is presented in Fig. 2. As
expected, it increases with the strength of the in-plane ap-
plied magnetic field, and with both the strength  value of
the Dresselhaus term and proximity of the orbit-center to the
Ga0.65Al0.35As barrier. This is due to differences in the elec-
tron energies between the spin-up-like and spin-down-like
electron states which increase not only by the action of the
applied magnetic field, but by the repulsion of the electron
wave function by the barriers of the QW structure which the
electron must tunnel in this field orientation. Notice, how-
ever, that at low temperatures zero orbit-center position, the
perpendicular Landé g factor practically does not depend
on the strength of the Dresselhaus term. It is possible to
show that the effects of the Dresselhaus contribution to the
effective Landé factor are proportional to the ratio
 / clB
3. Particularly in GaAs and related materials, the
above-mentioned ratio is much less than 1 in the range of
magnetic fields up to 20 T. Actually, the contribution of the
Dresselhaus spin-orbit coupling does not vanish as the orbit-
center position tends toward zero, as a straightforward calcu-
lation indicates that the matrix elements y0 ,nWˆ 12m ,y0 and
y0 ,nWˆ 21m ,y0 do not depend on y0. The more remarkable
dependence of the effective g factor as a function of the
orbit-center position for 0 than for =0 may be under-
stood in terms of the mixing effects of the different spin
states due to the presence of the off-diagonal elements in the
Hamiltonian when the Dresselhaus spin-orbit coupling is
taken into account.
As mentioned before, one of the factors that modifies the
effective Landé factor is the electronic spin interactions with
the solid-state environment QW confining potential and ex-
ternal probes like an applied magnetic field. In Fig. 3 one
observes an increase of the perpendicular Landé g factor
with the strength of the applied magnetic field as well as with
increasing quantum confinement, i.e., as the GaAs QW width
diminishes.
The parallel and perpendicular conduction-electron
Landé g factors are presented in Fig. 4 calculations were
performed for a vanishingly small value of the applied mag-
netic field, in comparison with experimental results, for 
=0 no Dresselhaus term and =20 eV Å3. Figure 4 also
shows insets presenting the results corresponding to the con-
tribution of the cubic spin-orbit Dresselhaus term to the
effective Landé factor. Notice that for both magnetic field
configurations, the theoretical results essentially do not de-
pend on the value of the strength  of the Dresselhaus term,
except for minor changes in the parallel case for small QW
FIG. 1. Cyclotron effective mass, in units of the free-electron mass m0, as a
function of a the applied magnetic field for L=50 Å and b the QW width
for B=4 T in GaAs−Ga0.65Al0.35As QWs both in the B	 and B configura-
tions. Theoretical results are shown for the spin-up-like states. Open sym-
bols in b are the experimental measurements reported by Singleton et
al.Ref. 12 and Michels et al. Ref. 13. For the case of in-plane magnetic
fields B, the orbit-center position was taken at y0=0. Solid dashed lines
correspond to =20 eV Å3 =0. Calculations for bulk GaAs are also
displayed.
FIG. 2. Orbit-center-position dependence of the effective g factor in a
20 Å-width GaAs–Ga0.65Al0.35As QW for two different values of the in-
plane magnetic field y0=0 at the center of the well. Solid and dashed lines
correspond to a Dresselhaus constant =20 eV Å3 and =0, respectively.
FIG. 3. Landé g factor as a function of the in-plane magnetic field in
GaAs–Ga0.65Al0.35As QWs for various values of the well width. Theoretical
results were performed for the orbit-center position at the center of the QWs
y0=0. Solid and dashed lines correspond to =20 eV Å3 and =0, re-
spectively. Calculations for bulk GaAs are also displayed.
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widths.17 The agreement with experimental results is excel-
lent in both configurations. Furthermore, it is clear from Fig.
4 that one should take into account the effects of the aniso-
tropic terms in the Ogg–McCombe Hamiltonian in order to
find good agreement with the available experimental results.
We display in Fig. 5 the anisotropy of the effective
Landé factor as a function of the QW width for
GaAs–Ga0.65Al0.35As QWs at B=4 T. Solid and dashed
lines correspond to our numerical results obtained for 
=20 eV Å3and =0, respectively, whereas solid circles are
the experimental data measured by Malinowski and Harley.16
It is apparent from Fig. 5 that no substantial differences are
observed between the g	 and g in the limit of large QW
widths. One may also note that the Dresselhaus spin-orbit
term introduces only a slight correction to the calculated
value of the anisotropy in the range of the analyzed QW
widths. Present theoretical results are found in reasonable
agreement with experimental measurements of the aniso-
tropy reported in Ref. 16.
IV. CONCLUSIONS
Summing up, present calculated results in
GaAs–Ga0.65Al0.35As QWs demonstrate that the inclusion of
effects of the Dresselhaus term on the calculation of the
conduction-electron effective g factor represents very small
corrections with respect to the effects of nonparabolic and
anisotropic terms. Of course, the above statement is only
valid for GaAs and related materials, for which the Dressel-
haus constant reaches moderate values. For other materials
with large Dresselhaus spin-orbit coupling, such as InSb or
GaSb,7,18 the Dresselhaus parameter  is more than 10 times
larger than for GaAs and, therefore, one may expect that the
effects of the Dresselhaus spin-orbit coupling may not be
small. The present study presents a clear indication that any
realistic calculation of the effective Landé factor for semi-
conductor heterostructures must include the nonparabolic/
anisotropic terms in the model Hamiltonian in order to obtain
a quantitative understanding of experimental results. We
should point out that nonparabolicity and anisotropic effects
in the conduction band may also be taken into account
through a calculation in which conduction, valence, and
higher band effects are considered within the same theoreti-
cal framework in a multiband Kane, 88, 1414, multi-
band schemes calculation.19 As a final conclusion, we stress
that one should be cautious with results and conclusions of
previous parabolic conduction-band studies which do not ap-
propriately take into account nonparabolic and anisotropic
effects in the calculation/analysis of the Landé g factor in
low-dimensional semiconductor systems.20
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FIG. 4. Landé g factor as a function of the well width for
GaAs–Ga0.65Al0.35As QWs in the a B	 and b B configurations. Theoret-
ical results in b are displayed for the orbit-center position at y0=0. Solid
and dashed lines correspond to =20 eV Å3 and =0, respectively. Solid
open symbols are the experimental data from Hannak et al.Ref. 14, Le
Jeune et al. Ref. 15, and Malinowski and Harley Ref. 16,corresponding
to the B	 B configuration. Dotted lines were obtained by disregarding
both the Dresselhaus and anisotropic terms in the Ogg–McCombe Hamil-
tonian. Present results corresponding to the contribution of the cubic spin-
orbit Dresselhaus term to the effective Landé factor are also shown in the
insets.
FIG. 5. The anisotropy of the effective Landé factor as a function of the QW
width for GaAs–Ga0.65Al0.35As QWs at B=4 T. Solid and dashed lines
correspond to =20 eV Å3 and =0, respectively. Solid circles correspond
to the experimental measurements of Malinowski and Harley Ref. 16.
023704-5 Reyes-Gómez et al. J. Appl. Phys. 104, 023704 2008
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.169 On: Thu, 11 Jun 2015 14:19:28
Mod. Phys. 76, 323 2004; H.-A. Engel and D. Loss, Science 309, 586
2005.
2N. R. Ogg, Proc. Phys. Soc. 89, 431 1966; B. O. McCombe, Phys. Rev.
181, 1206 1969; M. Braun and U. Rössler, J. Phys. C 18, 3365 1985.
3V. G. Golubev, V. I. Ivanov-Omskii, I. G. Minervin, A. V. Osutin, and D.
G. Polyakov, Sov. Phys. JETP 61, 1214 1985 we have used their values
for a1 ,a2 ,a3= −2.9,−2.6,−1.2106 meV Å4, and a4 ,a5 ,a6= −9.7,
−0.8,4.9 meV Å2 /T in the present theoretical calculations..
4M. de Dios-Leyva, J. López-Gondar, and J. Sabin del Valle, Phys. Status
Solidi B 148, K113 1988; J. Sabin del Valle, J. López-Gondar, and M. de
Dios-Leyva, ibid. 151, 127 1989.
5M. de Dios-Leyva, E. Reyes-Gómez, C. A. Perdomo-Leiva, and L. E.
Oliveira, Phys. Rev. B 73, 085316 2006; M. de Dios-Leyva, N. Porras-
Montenegro, H. S. Brandi, and L. E. Oliveira, J. Appl. Phys. 99, 104303
2006.
6G. Dresselhaus, Phys. Rev. 100, 580 1955.
7J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and I. Žutić, Acta Phys.
Slov. 57, 565 2007.
8W. Zawadzki and P. Pfeffer, Semicond. Sci. Technol. 19, R1 2004.
9J. J. Krich and B. I. Halperin, Phys. Rev. Lett. 98, 226802 2007; J. J.
Krich and B. I. Halperin, e-print arXiv:cond-mat/0702667v1.
10M. Cardona, N. E. Christensen, and G. Fasol, Phys. Rev. B 38, 1806
1988.
11R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional Electron and
Hole Systems, Springer Tracts in Modern Physics Springer, New York,
2003, Vol. 191.
12J. Singleton, R. J. Nicholas, and D. C. Rogers, Surf. Sci. 196, 429 1988.
13J. G. Michels, R. J. Warbuton, R. J. Nicholas, J. J. Harris, and C. T. Foxon,
Physica B Amsterdam 184, 159 1993.
14R. M. Hannak, M. Oestreich, A. P. Heberle, W. W. Ruhle, and K. Kohler,
Solid State Commun. 93, 319 1995.
15C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 1977; P. Le Jeune,
D. Robart, X. Marie, T. Amand, M. Brosseau, J. Barrau, V. Kalevich, and
D. Rodichev, Semicond. Sci. Technol. 12, 380 1997.
16A. Malinowski and R. T. Harley, Phys. Rev. B 62, 2051 2000.
17For bulk GaAs, Golubev et al.3 have already shown, by using k ·p pertur-
bation theory, that the Dresselhaus contribution should be small as com-
pared with the ones from nonparabolicity/anisotropic terms.
18J.-M. Jancu, R. Scholz, E. A. de Andrada e Silva, and G. C. La Rocca,
Phys. Rev. B 72, 193201 2005; G. E. Pikus, V. A. Marushchak, and A.
N. Titkov, Sov. Phys. Semicond. 22, 115 1988; M. Cardona, N. E. Chris-
tensen, M. Dobrowolska, J. K. Furdyna, and S. Rodríguez, Solid State
Commun. 60, 17 1986.
19E. A. de Andrada e Silva, G. C. La Rocca, and F. Bassani, Phys. Rev. B
55, 16293 1997; S. J. Prado, C. Trallero-Giner, A. M. Alcalde, V. López-
Richard, and G. E. Marques, ibid. 69, 201310R 2004.
20E. I. Rashba and A. L. Efros, Phys. Rev. Lett. 91, 126405 2003; R. de
Sousa and S. Das Sarma, Phys. Rev. B 68, 155330 2003; C. F. Destefani
and S. E. Ulloa, ibid. 71, 161303R 2005; T. P. Mayer Alegre, F. G. G.
Hernández, A. L. C. Pereira, and G. Medeiros-Ribeiro, Phys. Rev. Lett.
97, 236402 2006; J. J. Krich and B. I. Halperin, ibid. 98, 226802 2007.
023704-6 Reyes-Gómez et al. J. Appl. Phys. 104, 023704 2008
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.169 On: Thu, 11 Jun 2015 14:19:28
